I. INTRODUCTION
U NDERSTANDING of the normal zone behavior in composite superconductors is essential for the quench protection of applications that are based on this material. From this point of view it is desirable that a composite conductor exhibits a sufficiently large normal zone propagation velocity . A fast normal zone development creates a large area where stored energy is dissipated, limiting the hot spot temperature, and it makes it easier to detect the existence of a normal zone. The development of the normal zone depends on the operating current, on the steepness of the voltage-current characteristic, on current-and heat diffusion and finally on the temperature margin [1] , [2] .
Previously the influence of the diffusivity on the normal zone development in conductors was studied by means of simulations with copper and iron sheathed conductors. The propagation velocities that were calculated agree with first measurements by Fu et al. [3] . Here measurements and simulations on a mono-filament conductor are presented. The measurements and simulations are compared to validate the computational model for conductors. The measurements are performed under quasi adiabatic conditions. In this way, the lateral cooling via boiling helium is excluded, so that information on the intrinsic normal zone development of conductors is obtained. Moreover, a quasi adiabatic set-up is suitable for experiments at the anticipated operating temperatures, ranging between 15 and 30 K. Secondly, the influence of the n-value on the is simulated. The n-value becomes important when electrical conductivity of the matrix becomes comparable to the electrical conductivity of . In this case the heat generation in the filaments cannot be neglected anymore.
II. NORMAL ZONE PROPAGATION

A. Experimental Set-Up
Measurements of the are performed with the insert as depicted in Fig. 1 . The insert is emerged in a LHe bath inside the bore of a 15 T magnet. The sample is reacted in a helical shape and mounted tightly on the sample holder. The ends of the sample are soldered to the copper current terminals. To provide enough, cooling for the normal conducting current terminals, the inside of the sample holder has an open connection to the LHe bath.
The quasiadiabatic condition is attained by evacuating the vacuum can, leaving only a small amount of radiative heat flux from the sample to the vacuum can. To minimize the heat flow from the sample to the LHe inside the sample holder, the sample holder consists of an inner and outer Kapton layer with vacuum in-between. The sample holder and the sample are further thermally detached with nylon wires that are placed between the sample and the outer Kapton layer. In this way only small point contacts between the nylon wires and the sample exist.
The normal zone propagation is measured with the voltagetime-of-flight method. To initiate the propagating normal zone, a heat pulse is applied to the sample with a wire-wound heater.
B. Numerical Modeling
The numerical code is based on an explicit finite difference scheme that solves the well-known one-dimensional heat balance equation. The numerical scheme accounts for all relevant temperature-and field dependent material properties (i.e. , , C, and n-value). With this model the classical concept of current sharing is refined [1] . This refinement is based on a parallel path approach between the superconductor and the matrix that accounts also for the heat generated in the filaments. Fig. 2 depicts the critical current vs. temperature line (bold, dashed line). If the temperature rises due to a thermal disturbance, decreases following the line. In the classical current sharing concept, drops below the transport current when the temperature passes and the current will then be shared between the filaments and the matrix. The filaments continue to carry , while the excess current is carried by the matrix. Only the excess current in the matrix is assumed to cause ohmic heating.
This classical current sharing concept is only valid when 1) a sharp voltage-current transition of the superconducting filaments is considered; and 2) when the electrical resistivity of the matrix is much lower than the normal state resistivity of the filaments. This is indeed the case for and NbTi conductors that usually have high n-values and a low resistive copper matrix. Accordingly, the classical current sharing concept works very well for these materials.
However, when a lower n-value is considered, which is the case for HTS and some conductors, the voltage-current transition of the filaments has to be included. We assume that the voltage-current relation of the superconducting filaments can be described by a power law (1) and define the electrical field and current density as the point where dissipation in the superconducting and normal conducting state become equal (2) Considering the same temperature increase as before, the voltage in the filaments is already rising well before meets the transport current (see Fig. 2 ). Current is already shared and heat is accordingly generated. After has passed the transport current the transition is complete and the filaments continue to obey ohm's law. By considering the smooth voltage-current transition with a finite resistance after the transition, heat generation in the filaments around the normal zone front is not neglected anymore. This heat generation depends on the steepness of the voltage-current transition. The following heating function can then be derived:
Here is the voltage criterium; is the critical current; is the current density in the filaments; and are the electrical resistivities of the matrix and the filaments in the normal state; and are respectively the cross-sectional areas of the matrix and the superconducting filaments.
The full and surfaces of a given sample are usually not available. In the absence of generally accepted scaling relations such as those for [4] , we use the and formulations that were established for bulk [5] . Also, since the heat generation in the filaments plays an important role when a poor conducting matrix is considered, the data on thermal-and electrical conductivity, as well as heat capacity as function of field and temperature become very important. Again, we used data obtained on bulk by Wang et al. and Schneider et al. [6] , [7] .
III. RESULTS AND DISCUSSION
A. Measurements Versus Calculations
Both measurements and simulations on the normal zone propagation have been performed on a mono-filament tape at 4.2 K. Fig. 3 depicts the normal zone propagation velocity versus the transport current at 4 and 5 T. For comparison, measurements and calculations on a PIT conductor are included [8] , [9] .
As far as quench protection is concerned a high is desirable. Fig. 3 shows that the conductor exhibits lower propagation velocities than the conductor. This is partly caused by the lower transport current that is carried by conductors, resulting in a lower heat generation. More important is the fact that the iron matrix of the conductor is a rather poor conductor in comparison with the copper matrix of the conductor, reducing the heat diffusion significantly. Nevertheless, the conductor shows "real" propagation of a normal zone as opposed to HTS conductors that exhibit a quasi static heating of the normal zone.
The calculations of the of the and the corresponding measurements show an excellent agreement. In contrast, the measurements of the conductor are a factor of 2 higher than predicted by the calculations. The main reason for this discrepancy is its large single filament. The dimension of this filament is about 200 in height and about 3 mm in width. In contrast, the has 504 filaments with a diameter of approximately 20 . This means that the lateral diffusion of current from the filaments to the matrix is more efficient in the conductor than in the conductor. Because of this slow current diffusion, heat generation in the filament is larger than accounted for in the 1-dimensional model (that implicitly assumes an infinitely fast lateral diffusion). However, as conductor development proceeds, the filament size will decrease and the 1-dimensional assumption will become more realistic. Our results show that can be expected to decrease accordingly.
B. Influence of the Exponential n-Value
In order to demonstrate the effect of the n-value on the normal zone propagation, we used and data measured on a conductor by Goldacker et al. [10] . Although these conductors have a very good performance, they have a rather low n-value of about 15. This implies that the heating function around the normal zone front will be very smooth. The influence of this low n-value is studied numerically by comparing the results with a similar hypothetical conductor that has an n-value of 100. The results of the normal zone propagation velocities are depicted in Fig. 4 .
It can be seen that for all applied magnetic fields, the hypothetical conductor has a higher propagation velocity than the actual conductor with an n-value of 15. Furthermore, the hypothetical conductor shows an upturn with increasing transport current. The differences in behavior between the two conductors reflect the effect of the heat generation in the filaments when the voltage-current relation is included in the model.
The significance of the voltage-current relation is explained by Fig. 5 , where the heat generation as function of temperature is plotted. The heat generation in the filaments, which is neglected in the current sharing concept, causes the difference in for the two different n-values (see Fig. 4 ). This heating is reflected in the form of a bump in-between the classical and . At the voltage starts to rise, causing heating in the filaments and current slowly starts to diffuse in the matrix. The top of the bump is the moment where the effective resistance of the filaments equals the resistance of the matrix. After this point the effective resistance becomes higher than the resistance of the matrix, decreasing the current and the heat generation in the filaments. The point where heating in the filaments becomes significant is related to the steepness of the voltage-current relation. After the transition the heat generation does not return to zero. This is the consequence of the parallel path assumption and the fact that the resistances of and Fe are in this case quite comparable.
As pointed out earlier, the characteristic for shows an upturn relative to the characteristic for . This is caused by the phenomena that with increasing current the cumulative heat generation in the filaments around the normal zone front (the bump) grows faster for higher n-values. T and T at 8 T and a normalized current of 0.9 for n = 100, n = 15 and according to the current sharing concept. The monotonously increasing curves indicate the heat generation in the matrix, while the peaked curves indicate the heat generation in the filaments.
IV. CONCLUSIONS
To study the normal zone development in composite conductors a 1-dimensional computational model was developed. To account for smooth voltage-current transition and heat generation in the filaments, the model is provided with a heating function that is based on a parallel path between the superconducting filaments and the matrix.
To validate the model we have performed adiabatic normal zone propagation experiments with both and conductors. Good agreement exists between the simulations and the measurements of the conductor with fine filaments. In contrast, our 1-dimensional model does not describe the experiments with the mono-filament conductor accurately. This is caused by the slow lateral current diffusion in mono-filament conductors and the lack of properly described material properties of a given sample. Simulations have been performed to study the influence of the n-value on the normal zone propagation. The calculations show that a lower n-value suppresses the normal zone propagation velocity due to lower heat generation around the normal zone.
